Examining the effects of reactive oxygen species on functional potential of HSCS during aging by Joudi, Tony
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2016
Examining the effects of reactive
oxygen species on functional
potential of HSCS during aging
https://hdl.handle.net/2144/16993
Boston University
	 	 	
BOSTON UNIVERSITY 
 
SCHOOL OF MEDICINE 
 
 
 
 
 
Thesis 
 
 
 
 
 
EXAMINING THE EFFECTS OF REACTIVE OXYGEN SPECIES ON 
FUNCTIONAL POTENTIAL OF HSCS DURING AGING  
 
 
 
 
by 
 
 
 
 
TONY JOUDI 
 
B.A. M.A., Boston University, 2014 
 
 
 
 
 
 
 
Submitted in partial fulfillment of the 
 
requirements for the degree of 
 
Master of Science 
 
2016  
	 	 	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2016 by 
 TONY FRANCIS JOUDI 
 All rights reserved  
	 	 	
Approved by 
 
 
 
 
First Reader   
 Gustavo Mostoslavsky, M.D., Ph.D. 
 Assistant Professor of Medicine 
 
 
Second Reader   
 Derrick Rossi, Ph.D. 
 Assistant Professor of Stem Cell and Regenerative Biology 
 Harvard Medical School 
 
 
Third Reader   
Isabel Beerman, Ph.D. 
Instructor of Pediatrics 
 Harvard Medical School 
		 iv 
DEDICATION 
 
 
 
To my Nana. You inspired me to always perform at my very best. You will forever be in 
my memory.  
 
  
		 v 
ACKNOWLEDGMENTS 
 
 
 
I’d like to thank my family, friends, and lab members for their endless support through 
this process. Dr. Offner, Dr. Oberhaus, and Ms. MacNeil, thank you for the time and 
effort you took to help guide me along this path.  I’d like to thank, in particular, my Mom 
and Dad, my Uncle, and Pa, and my mentors, Isabel and Derrick for their inspiration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
		 vi 
 
 
EXAMINING THE EFFECTS OF REACTIVE OXYGEN SPECIES ON 
FUNCTIONAL POTENTIAL OF HSCS DURING AGING  
TONY JOUDI 
 
ABSTRACT 	
 The role of ROS in the hematopoietic system has been a subject that has received 
little investigation due to the hypoxic environment inherent in the bone marrow niche.  
Furthermore, it is not known whether or not oxidative damage accumulations play a role 
in the functional decline of HSCs associated with aging. Measuring DNA damage and 
ROS levels using the Fragment Length Analysis by Repair Enzyme (FLARE) assay, I 
show here that there are indeed significantly detectable levels of 8-oxoguanine, a lesion 
associated with ROS, present in both young and old murine HSCs.  In an attempt to 
attenuate the presence of these lesions, a four-week treatment with the thiol-based 
antioxidant N-Acetyl-L-Cysteine was administered orally to mice. Analysis revealed 
significant decreases in oxidative lesions in both the young and old HSC compartment.  
Additionally, it was demonstrated that the NAC treatment significantly reduced number 
of baseline DNA breaks in old, but not young, HSCs. Together these results suggest that 
DNA damage accumulation is a dynamic process that changes as cells age. Further 
understanding of the role of ROS will help elucidate the importance of this type of DNA 
damage on the declining functional potential associated with aging.  
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INTRODUCTION  
Hematopoietic stem cells (HSCs) are the lifelong reservoir of cells that maintain 
blood homeostasis. These long-lived cells reside in the bone marrow and have the unique 
ability for self-renewal and also have the potential to generate the complement of cells 
that comprise the connective tissue of bone marrow and peripheral blood. These stem 
cells ultimately give rise to three lineages – that of the lymphoid, myeloid, and thrombo-
erythroid.  Myeloid blood cells include monocytes, granulocytes, megakaryocytes, and 
dendritic cells.  The lymphoid cell line generates B- and T-lymphocytes, as well as 
natural killer cells (Babovic and Eaves 2014). Thrombo-erythroid give rise to 
thrombocytes and erythrocytes.  
 
Figure 1.  The Hierarchy of Hematopoiesis. Self-renewing and multipotent, HSCs 
reside at the top of the hierarchy of differentiation. Downstream multipotent progenitors 
become progressively more lineage-restricted as cellular programs begin that ultimately 
define the effector cells.  Image courtesy of the Rossi lab. 
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HSCs have varying properties and reside in distinct locations depending on the 
developmental stage of the organism in which they are found.  In mammals, HSCs are 
first found in the aorta-gonad-mesonephros (AGM), the location where the aorta, gonads, 
and fetal kidney begin development. Subsequent to this, an expansion and relocation 
occurs into the fetal liver.  During fetal development, HSCs are also found within the 
umbilical cord.  These HSCs ultimately migrate into the bone marrow in the late 
embryonic development of the organism. Although these HSCs reside principally within 
the bone marrow compartment of the adult, they may be found in small numbers in the 
peripheral circulating blood (Boulais and Frenette 2015).  HSCs maintain the ability to 
reconstitute the entire complement of the blood compartment for a lifetime in a lethally 
irradiated organism and are sometimes referred to as long-term stem cells (Liang and 
Zúñiga-Pflücker 2015).  Cells that are able to generate the entire complement but lack the 
ability to self-renew, however, are known as multipotent progenitors, though sometimes 
referred to as ST-HSCs, and lie beneath the HSC in the hematopoietic hierarchy (Kondo 
2010).   
The development of assays to isolate and subfractionate the bone marrow 
compartment has been crucial for characterization of individual cell populations.  HSCs 
have a morphology that is indistinguishable from progenitor and precursor cells, and 
assays to isolate them remained equivocal until the use of cell surface markers became 
widespread (Wognum, Eaves et al. 2003).  After Irving Weismann led the effort to use 
fluorescently labeled antibodies targeting the purported long-term stem cell in 1988 
(Weissman and Shizuru 2008), modern techniques have remained essentially the same, 
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using a wider array of surface antigens to isolate progressively more pure cell 
populations.  Even so, there remains debate in the field if immunophenotype conclusively 
define cells types given that cell surface markers lack functional purity, suggesting they 
are not uniquely tied to a specific cell type, but rather a conglomeration of related cells 
(Camargo, Chambers et al. 2005).  The use of several markers in tandem attempts to 
attenuate this issue by increasing the likelihood of isolating the desired cellular fraction 
from whole bone marrow (Yilmaz, Kiel et al. 2006).   
Perhaps one of the most fascinating aspects of the HSC is the ability for it to 
maintain itself between a balance of cell production and self-renewal.  It has been posited 
by M.C. MacKey that the production of mature circulating red blood cells from a single 
HSC will result in a net HSC cycling of around 17-19.5 divisions, as part of 
differentiation divisions, yielding a net amplification of between 170,000 and 720,000 
cells (Mackey 2001).  Considering that an adult human will turn over more than three 
billion blood cells each day, the importance of this balance is made even more apparent. 
Difficulties in this balance often result in clinically relevant diseases, one such example 
being aplastic anemia, where various causes serve to ‘poison’ HSCs, leading to HSC 
exhaustion and death of the patient (Kasper, Dennis et al. 2005).  
 The use of HSCs for modulation of diseases and curative treatments is growing 
each day.  In addition to retaining the potential to repopulate the entire bone marrow 
compartment from a relatively small number of donor HSCs, unique biological facets 
enhance therapeutic modulability in certain cases. HSCs’ capacity to mobilize from the 
bone marrow underlies the ability to extract large numbers of HSCs from blood through 
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the addition of a cytokine known as Granulocyte-Colony Stimulating Factor, or G-CSF 
for short (Ng, Baert et al. 2009). Progress in this field still is ongoing, as along with 
peripherally derived HSCs, bone-marrow aspirates from the hip bones and cord blood 
still remain the only methods of obtaining HSCs for transplantation (Smith and Wagner 
2009).  
The ability for HSCs to generate the lymphoid system of an individual raises the 
risk that the production of donor lymphocytes will lead to the eventual destruction of the 
cells of the recipient host if the HSCs have sufficiently different Human Leukocyte 
Antigens (HLAs) than that of the donor.  This response is known as Graft versus Host 
Disease (GvHD), and may result in significant morbidity if treatment is initiated late in 
the course of the disease (Ferrara and Reddy 2009).  This response, however, may be 
modulated to the benefit of the patient with cancers of leukemic, myeloma, and breast 
origin through the development of the donor immune system in the body of the recipient. 
Donor T-cells, which repopulate the recipients body launch a response against host tumor 
cells, providing a highly beneficial effect on response to therapy known as the Graft 
versus Tumor (GvT) effect (Storb, Gyurkocza et al. 2013).  
 Although HSCs are responsible for homeostasis of the blood throughout life, 
their functional potential declines with age (Chambers, Shaw et al. 2007).  This process is 
marked chiefly by a decrease in the lymphoid potential, increased susceptibility to blood 
malignancies, and a reduced overall regenerative potential (Sudo, Ema et al. 2000, Rossi, 
Bryder et al. 2005).  Understanding the drivers that decrease the functional potential has 
remained an elusive target for investigators, and increasing evidence suggests that these 
	5 
drivers may derive from modifications present in the epigenetic landscape (Beerman and 
Rossi 2014) as well as changes in the composition of the lineage-biased HSC (Beerman, 
Bhattacharya et al. 2010) . Additionally, examination of the integrity of HSC DNA in old 
and young mice revealed that old HSCs had an increased number of single and double 
stranded DNA breaks compared to their younger counterparts.  This damage 
accumulation seen in the aged HSCs was associated with age-independent down 
regulation of DNA repair and response pathways in the quiescent adult HSCs (Beerman, 
Seita et al. 2014).  Although attenuation of DNA damage and response pathways was 
seen in both young and old HSCs, there was greater accumulation of damage in older 
HSCs. They further demonstrated that though damaged aged HSCs are able to repair 
strand breaks, the aged cells still had reduced functional potential, as measured by ex-vivo 
colony size formation suggesting additional contributions to age-associated functional 
decline.  
The mitochondrial theory of aging postulates that the generation of free radicals, 
secondary to generation of ATP, is responsible for the decline in cellular function over 
time.  The reactive oxygen species (ROS) generated are hypothesized to induce mutations 
in mitochondrial DNA (mtDNA), seen in most tissues investigated to date leading to 
inefficiency in the respiratory chain complex responsible for generating ATP (Loeb, 
Wallace et al. 2005, Larsson 2010).  Electron leakage from this complex ultimately 
reduces the rate at which ATP is generated, while increasing the overall levels of ROS, 
thus generating a setup for a feedback loop. ROS levels continue to accumulate in the cell 
where they subsequently damage various cellular components, including the genomic 
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DNA. The increasing rate of ROS accumulation eventually leads to damage that 
ultimately compromises the function of the cell (Barzilai and Yamamoto 2004). The 
hematopoietic stem cell compartment, however, is primarily glycolytic, thus shifting the 
primary mode of ATP generation from oxidative phosphorylation to pyruvate formation, 
generating significantly less energy per mole of glucose. Thus glycolysis in terms of the 
mitochondrial theory of aging may have led to contention regarding the applicability of 
the theory (Zhang and Sadek 2014).  As such, investigations were carried out that led to 
the conclusion that an increased rate of mutation of mtDNA in the HSC compartment 
yielded a phenotype similar to that seen in aged mice: myeloid lineage skewing, anemia, 
and reduced lymphoid lineage output (Norddahl, Pronk et al. 2011).  Though these 
mutations provided insight into the importance of maintenance of mtDNA integrity, the 
functional aspect of mitochondria studied in these aberrant HSCs were largely 
unchanged. An accumulation of this type of damage, however, may very well lead to 
increased ROS levels that serve to define aspects of the functional decline seen in older 
HSCs.  
The role of oxidative stress on HSCs remains to be thoroughly investigated in 
terms of genomic DNA integrity. Assessing oxidative damage in cells is particularly 
difficult owing to the limitations present in many current techniques.  Intracellular dyes, 
which undergo redox reactions that are measurable through flurometric or polarity assays, 
often react non-specifically with intracellular components and may provide false-positive 
results (Kalyanaraman, Darley-Usmar et al. 2012). Antibodies raised against intracellular 
oxidative adducts, such as 8-oxoguanine, may be effective contingent on significant 
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increases in the adduct content compared to a control cell.  The Fragment Length 
Analysis by Repair Enzyme (FLARE) assay, however, may offer the greatest sensitivity 
in assessment of oxidative adducts present on DNA.  The FLARE assay relies on using a 
repair enzyme that is specific for oxidative lesions to cleave sites where the adduct 
resides on DNA.  Comparing cells treated with the enzyme compared to the same 
population of untreated controls in comet assays yields a direct and quantitative 
assessment of oxidative damage for the lesions of interest.  One such enzyme that is 
appropriate for the FLARE assay is Formamidopyrimidine [fapy]-DNA glycosylase 
(Fpg).  This bifunctional glycosylase acts as both an N-glycosylase and AP-lyase.  The 
N-glycosylase function of the enzyme participates as the first step in base excision repair 
(BER), creating an apurinic or apyrimidinic site (AP site) that is then cleaved to generate 
a single-stranded break in the phosphodiester bond comprising the backbone of DNA.  
Fpg principally recognizes 8-oxoguanine, but also recognizes other oxidized bases, 
including 8-oxoadenine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG), 4,6-
diamino-5-formamidopyrimidine (FapyA), 5-hydroxy-cytosine, and 5-hydroxy-uracil 
(Schalow, Courcelle et al. 2011). The FLARE assay is the principal method I used to 
examine if oxidative species play a role in HSC function.  
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Figure 2.  Oxidized bases that are recognized by Formamidopyrimidine [fapy] DNA 
Glycosylase. Fpg acts to introduce a single-stranded nick on 3’ and 5’ side of the AP site, 
leaving an unrepaired break in the phosphate backbone of DNA. 
 
Ultimately, in order to fully appreciate the factors that play a role in HSC aging, 
thorough examination of the aspects of DNA damage, epigenetics, and cell regulation 
will be required.  This work provides insight into the role that ROS plays in the aging 
HSC compartment and a method to mitigate their presence in the stem cells.   
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Specific Aims and Objectives: 
This study aims to assess the degree to which oxidative insults impact the HSC 
compartment during aging. As HSCs are quiescence with attenuated repair pathways in 
the bone marrow compartment of the body, various types of DNA damage are likely to 
build up.  Although studies have attempted to establish the presence or absence of 
oxidative species in HSCs (Vlaski-Lafarge and Ivanovic 2015), it remains to be 
convincingly demonstrated that there is a definitive and quantifiable level that exists in 
these cells. NAC is a well-known and established anti-oxidant that works chiefly to 
increase the glutathione pool in cells by acting as a precursor to cysteine, thus 
maintaining the cytosolic environment in a highly reductive state (Sun, Pu et al. 2014).  
Provided that ROS levels increase with age, NAC will be used in an attempt to scavenge 
the free radicals to provide a cyto-protective effect in HSCs.  
The specific aims of the study are: 
1. To assess and optimize the sensitivity of assays designed to detect oxidative 
damage in the HSC compartment. 
2. To determine the magnitude of oxidative damage in old and young stem and 
progenitor cells. 
3. To determine whether functional potential of aged HSCs can be restored using 
the antioxidant N-acetylcysteine.  
The results of this study will be important in understanding more about the protection 
offered by the niche that HSCs are located in, and to what degree the hypoxic and 
predominantly glycolytic environment protect HSCs from ROS in terms of generation 
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and damage leading to the aging phenotype.  Ultimately the functional potential will be 
assayed in HSCs that have been treated by NAC to determine whether rescue of oxidative 
damage plays a role in restoring functional potential old HSCs.  The potential therapeutic 
applications of this study may extend into improving phenotypes associated with an aging 
hematopoietic system in vivo.  
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METHODS 
 
Mouse Background 
The mice in all experiments were of the C57BL/6 background.  Old mice were 
characterized as being 24 months or older.  Young mice were characterized as being 8 to 
12 weeks of age.  
 
Cell isolation and C-Kit Enrichment Protocol 
 To perform the c-kit enrichment, wild type mice were sacrificed and the bones of 
the lower appendicular skeleton were extracted.  These bones were placed in ice cold 
sample media and crushed with a mortar and pestle to expose the bone marrow.  After 
sufficient agitation, the supernatant was filtered through a 70-micron nylon mesh into a 
15 mL conical tube on ice and then spun at 450 rcf for five minutes at 4 degrees Celsius.  
The supernatant was then discarded and the cell pellet was resuspended in 1 mL of ice 
cold sample media.  At this point, a small aliquot of 30 microliters was reserved on ice 
from the suspension, treated with ACK, washed, and resuspended in cold SM.  C-kit 
magnetic beads were added to the non ACK treated cells in an age dependent 
concentration due to the increased number of c-kit positive cells, including HSCs, in 
older animals.  Bone marrow from young mice received 8 microliters of c-kit magnetic 
beads, while 10 uL was added to old BM.  The cells were then incubated on ice for 45 
minutes while a magnetic column was prepared. The column was equilibrated with ice 
cold sample media and the suspension was filtered using the nylon mesh into the column.  
Any excess bone marrow on the filter was rinsed with a small amount of ice cold sample 
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media.  The filtrate was discarded and the column was washed with 10 mL of ice cold 
sample media prior to removal from the magnetic core.  Once removed from the 
magnetic core, the filtrate from the column collected in a falcon tube on ice.  The column 
was washed with 10 mL of ice-cold sample media prior to centrifugation at 450 rcf for 5 
minutes at 4 degrees Celsius.  The supernatant was again discarded and the pellet was 
resuspended in staining solution.  
 
HSC Staining 
In order to analyze and sort the various populations of cells that comprise c-kit 
positive cells, an antibody cocktail was required to stain for cellular surface markers.  
Murine HSCs are defined by the following cellular surface antigens: Lin- c-kit+ Sca-1+ 
CD34- Flk2- CD150+. Murine multipotent progenitors were classified as Lin- c-kit+ Sca-1+ 
Flk2+/- CD34+ CD150-.  Staining for the HSC and MPP compartments of murine bone 
marrow was carried out by adding the antibody cocktail (CD34, Flk2, c-kit, Sca-1, 
CD150, Ter119, B220, Mac1, Gr1, CD3, CD4, CD8, IL7R-a) to the c-kit enriched cells 
for an hour and a half on ice in the dark.  Afterwards, cells were washed and spun down 
at 450 rcf for 5 minutes at 4 degrees C, the supernatant was discarded, and the cells were 
resuspended in PI at a concentration of 1:10,000 and filtered through a 70 um nylon filter 
into a new tube.   
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FACS and Analysis 
 Cells stained with the HSC antibody cocktail were run though a BD FACS Aria 
II.  All channels were compensated for the appropriate flurophores prior to running the 
sample.  HSCs and Flk+/- MPPs were sorted according to the aforementioned surface 
markers. Sorting was performed in tubes containing ice cold DPBS.  Whole bone marrow 
samples reserved prior to c-kit enrichment were stained concomitantly with the c-kit 
enriched cells and provided information about the hematopoietic compartments of each 
animal. 
 
FLARE-Comet Assay 
In order to determine the degree of discrimination of the FLARE-comet assay, c-
kit enriched cells taken from mice were treated with varying concentrations of hydrogen 
peroxide with appropriate negative controls and subjected to the assay.  To attain the 
appropriate concentrations, 35% solution of stabilized hydrogen peroxide was serially 
diluted to generate a set of working solutions ranging from 300 millimolar to 0.5 
micromolar.   
The required volume of the diluted hydrogen peroxide was added to the c-kit 
enriched cell population and incubated on ice for 30 minutes.  Incubations were 
performed on ice to attenuate attempted repair pathway activation of cells exposed to the 
oxidizing agent.   
To perform the FLARE-comet assay, the kit from Trevigen was used with the 
active enzyme FPG.  Cells that had undergone hydrogen peroxide treatment and control 
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cells that had no treatment were washed and spun down at 450 rcf at 4 degrees Celsius 
and resuspended in DPBS.  A small aliquot was then removed and stained with Turk’s 
solution for cell counting using hemocytometer.  A cell concentration of 1x105 cells/mL 
was then mixed at a 1:10 ratio with molten low melt agarose (LMagarose) at a 
temperature of 37 degrees Celsius.  The LMagarose was then plated on hydrophilic-
coated FLARE slides and placed in the dark at 4 degrees Celsius to gel.  Slides were then 
immersed in an ice-cold FLARE lysis buffer and placed at 4 degrees Celsius overnight to 
allow nuclear and cell membrane lysis.  Slides were gently washed three times over 30 
minutes with the proprietary FLARE buffer to equilibrate them for FPG treatment.  Half 
of the slides were exposed to the FPG with BSA in the FLARE buffer, while the other 
half were exposed to the FLARE buffer alone for an hour at 37 degrees Celsius.  Slides 
were then placed into 50 mL of a room temperature alkaline unwinding buffer comprised 
of pH 14 sodium hydroxide with 1 millimolar EDTA changed twice over 30 minutes.  
Slides were transferred to the comet electrophoretic apparatus in a 4-degree Celsius cold 
room with 900 mL of ice-cold alkaline unwinding buffer.  Slides were loaded and 
underwent electrophoresis at 21 volts for 30 minutes.  Slides were then removed and 
washed twice in deionized water followed by 70% ethanol for 5 minutes each.  After 
drying at 37 degrees Celsius, slides were stained with 1:10,000 SYBR Gold in TE buffer, 
pH 7.5, for 30 minutes in the dark.  Slides were then rinsed briefly in water and allowed 
to dry at 37 degrees Celsius.  
 Stained slides from a single experiment were all imaged on the same day using a 
Nikon Eclipse Ti. Image acquisition was completed using the FITC channel with an 
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exposure of 800 milliseconds. Images were scored manually using CometScore to 
determine their Olive Moment, a DNA damage parameter that takes into account the 
difference in DNA content from the head and tail of the comet, and the overall length of 
the comet tail.  Data was collected and differences in Olive Moment from the cells treated 
with Fpg compared to the cells untreated with Fpg were used to determine relative levels 
of oxidative damage.  
 
Immunocytochemistry 
To perform assays to determine mean fluorescence intensity of c-kit enriched 
cells treated with hydrogen peroxide versus control cells, a mouse primary antibody 
against 8-oxoguanine (clone 2E2, Trevigen) was used.  Fixation and permeabilization of 
c-kit enriched cells was performed with the BD Cytofix/Cytoperm protocol.  Cells were 
then incubated in a blocking solution for an hour containing 10% NGS at 4 degrees 
Celsius, then washed in PBS with Tween 0.5%, and spun down at 450 rcf for 5 minutes.  
The primary antibody was prepared at a concentration of 1:200 and incubated overnight 
at 4 degrees Celsius.  After cells were washed twice they were incubated in a secondary 
antibody cocktail of AlexaFluor 488 at 1:200.  Cells were washed twice and spun down, 
followed by an incubation with DAPI at 1:1000 for 10 minutes.  A final wash was 
performed with a spin down and the supernatant was discarded.  The cell pellet was 
resuspended in 1 drop of VectaShield for Fluorescence (Vector Laboratories).  Cells were 
mounted for wide-field fluorescence and visualized on a Nikon Eclipse Ti with DAPI and 
FITC filters installed.   
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NAC Treatment of Mice 
40 young and 6 old mice were divided in two equal sized groups.  Half were treated with 
a 1mg/mL solution of N-acetyl-L-cysteine in deionized water, changed three times a 
week for 4 weeks.  The control half were maintained on water.  After the four-week time 
course, the mice were sacrificed and subjected to the FLARE assay.  
 
DCF-DA Protocol for Total Reactive Oxygen Species  
Total reactive oxygen species measurements were made using the fluorescent dye 
DCF-DA.  This protocol was optimized using c-kit enriched cells, followed by using 
HSCs and Flk2+/- MPPs.  
A sensitivity assay was performed using c-kit enriched cells to determine the 
minimum amount of total reactive oxygen species that could be detected using the 
fluorescent dye.  C-kit enriched cells were stained with the HSC antibody cocktail as 
above, and treated with 1, 10, or 100 micromoles of the fluorescent dye DCF-DA 
dissolved in DMSO for 30 minutes on ice.  Negative controls included a sample that was 
untreated with the DCF-DA dye, as well as a sample that was only treated with the 
vehicle, DMSO.  Positive controls included hydrogen peroxide treated cells on ice for 30 
minutes after DCF-DA treatment at a concentration of 500 nanomoles or 1 micromole.  
Cells were then subjected to flow cytometry on a BD FACS Aria II for signal acquisition.  
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RESULTS 
The FLARE Assay Detects Oxidative Lesions on DNA of c-kit+ Cells. 
 In order to provide a readout of oxidative lesion damage present in the HSC 
compartment, a variety of assays were undertaken to determine which was most suitable 
for this analysis.  Immunocytochemistry was attempted using a variety of fixation 
protocols reported in the literature using the Trevigen 8-oxoguanine murine antibody 
(clone 2E2).  In positive controls treated with hydrogen peroxide, however, MFIs assayed 
failed to demonstrate any significant difference compared to untreated controls (data not 
shown).  Additionally, it was reported in the literature that DCF-DA, a fluorescent redox 
probe, was effective, though nonspecific, for total reactive oxygen species.  Pilot 
experiments demonstrated a dose-specific increase in DCF-DA fluorescence that 
occurred with c-kit enriched cells.  These increases, however, were not able to be 
detected at sub-millimolar incubations with hydrogen peroxide (data not shown).  
 The FLARE assay by Trevigen was then utilized as a measure of DNA lesions 
caused by 8-oxoguanine.  Initial experiments with a titration of hydrogen peroxide 
revealed a high level of sensitivity between treated and untreated cells (Figure 3).  A high 
level of sensitivity was ideally suited to the experimental goal of determining the relative 
differences that may exist between the young and old population of HSCs, which likely 
only would have sub-micromolar levels of oxidative lesions present.   
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Oxidative Lesions Are Present in the HSC Compartment of Mice. 
 Once the FLARE assay was selected as the most appropriate method for 
determination of 8-oxoguanine adducts on DNA, cells were sorted accordingly to isolate 
a sufficient number of HSCs for the assay. C-kit+ cells were gated accordingly so that 
single, live cells that were Lin- c-kit+ Sca-1+ Flk2- CD34- CD150+ had been sorted 
according to purity (Figure 4).  Once subjected to the FLARE assay, these cells revealed 
that both young and old HSCs have significantly elevated levels of oxidative damage 
(Figure 5). 
 
NAC Attenuates Oxidative Lesion Presence in Old and Young HSCs and Reduces 
the Number of SSBs and DSBs in Old HSCs. 
 After demonstrating that HSCs in both old and young HSCs had significant levels 
of 8-oxoguanine damage present, an attempt to reduce these levels was undertaken 
through the use of the free-radical scavenger, NAC.  Oral treatment administered to mice 
in water for four weeks demonstrated that in comparison to control age-matched mice, 
levels of 8-oxoguanine and related adducts had been significantly reduced in both young 
and old HSCs (Figure 6).  Interestingly, a significant decrease in the number of single and 
double-stranded breaks were noted in old HSCs without the addition of the FLARE 
enzyme.  This change was not noted in the young HSC compartment (Figure 7).   	
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Figure 3.  The FLARE Assay Detects Oxidative Lesions in c-Kit+ cells at 
Micromolar Concentrations of Hydrogen Peroxide. Olive moment measurements for 
c-kit cells with (+Fpg) or without (-Fpg) treatment. The two replicates for this assay were 
comprised of each: one old mouse, and three young mice for each condition. (*p=0.0172, 
‡p=0.0295, **p=0.0013, ****p<0.0001) 
 
 
‡	
	20 
 
Figure 4.  Gating Strategy for Isolation of Old and Young HSCs. Representative plots 
of HSCs stains. Murine HSCs were classified as being C-kit+ Lin- Sca-1+ Flk2- CD34- 
CD150+.  Panel A shows a representative old untreated and old NAC treated on the top 
and bottom, respectively.  Panel B recapitulates panel A in young untreated and young 
NAC treated mice, respectively.  
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Figure 5.  Old and Young HSCs Exhibit Significant Levels of 8-oxoguanine Adducts 
on DNA. Olive moment measurements for young and old HSCs subjected to the FLARE 
enzyme. For each experimental group, one old mouse and three young mice were used. 
This experiment was replicated twice.  (****p<0.0001). 
	22 
 
 
 
Figure 6.  N-Acetyl-Cysteine reduces 8-oxoguanine Levels in Young and Old HSCs. 
Olive tail moment measurements of Fpg treated HSCs isolated from NAC treated and 
untreated young and aged animal. For each experimental group, one old mouse and three 
young mice were used.  This experiment was replicated twice.  (*p=0.0416, 
****p<0.0001). 
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Figure 7.  N-Acetyl-Cysteine reduces the Number of Single and Double Stranded 
Breaks in Old HSCs. Olive moment measurements for purified HSCs isolated from 
young and aged animal subjected to the alkaline comet assay. For each experimental 
group, one old mouse and three young mice were used.  This experiment was replicated 
twice.(**p=0.0034, ****p<0.0001).  
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DISCUSSION 
The intent of this study was to evaluate the significance of ROS in aging HSCs, 
and whether these effects could be attenuated through the use of NAC.  I found that there 
is in fact oxidative damage present in both the young and old HSC compartment (Figure 
5), and the accumulation of oxidative damage is significantly increased in the aged HSCs 
(Figure 6). In addition, NAC treatment for 4 weeks provided a robust reduction in the 
presence of oxidative lesions in both young and old HSCs, with the added finding that it 
also significantly reduces the number of single- and double-stranded DNA breaks in old 
HSCs.  
 It has been known that during aging, the number of SSBs and DSBs are 
significantly increased in old HSCs compared to their young counterparts (Beerman 
2013).  These changes were limited to the HSC compartment, with aged MPPs and the 
downstream progenitor cells having significantly lower levels of damage.  The presence 
of oxidative lesions, however, has not been thoroughly investigated.  The facts that the 
hematopoietic compartment is predominantly hypoxic, and the cells themselves are 
primarily glycolytic and quiescent, raised the question of the significance of the need to 
assay ROS, which are often found in higher amounts in cells with a high metabolic rate.   
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This study evaluated ROS levels using an antibody clone and a number of fixation 
protocols with no changes in MFIs even with positive controls treated with hydrogen 
peroxide (data not shown). Indeed, even the ROS marker DCF-DA, a surrogate for 
measurement of oxidative species, failed to demonstrate sensitivity with sub-millimolar 
levels of hydrogen peroxide. This demonstrated this assay was not sufficiently sensitive 
in providing information regarding the oxidative state of these cells (data not shown).  
Only the FLARE assay was able to demonstrate sufficient sensitivity when damage was 
induced using an oxidative agent even at sub-millimolar levels (Figure 3).  Determining 
the appropriate probe for measurement of damage induced by oxidative species was 
critical to determining whether they were significant enough to warrant further 
investigation. 
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My study demonstrates that there are significant levels of ROS damage present in 
both young and old HSCs.  This is a novel finding, though previous studies have 
examined these levels using less sensitive methods.  Old HSCs develop a significantly 
higher level of DNA damage in the form of breaks than young HSCs (Figure 5), yet both 
have ROS damage present.  There are a number of possibilities that this may arise from, 
one being that during processing, cells are exposed to hyperoxic conditions relative to 
their physiologically hypoxic environment.  Additionally, it may be the case that the 
repair and response pathways involved in base excision repair, the principal repair 
mechanism for 8-oxoguanine damage, are expressed at lower levels in the quiescent state 
in comparison to other repair and response pathways that function to repair single and 
double stranded DNA breaks.  Further experiments may include the titration of hydrogen 
peroxide levels that allows for equation of damage relative to young and old untreated 
HSCs.  Additionally, cyclosporine A has been shown to stabilize the mitochondrial 
membrane potential, thus potentially attenuating the effects of induction of ROS damage 
when HSCs are exposed to hyperoxic conditions (Yu 2016).  Future experiments will 
investigate the potential of adding cyclosporine A to bone marrow extracts to simulate 
hypoxic conditions present in the bone marrow compartment. 
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 In addition to assaying the levels of ROS damage present in young and old HSCs, 
NAC was used in an attempt to reduce these endogenous levels.  This antioxidant is 
frequently used in clinical medicine for the treatment of acetaminophen-induced toxicity 
and acts as nephro-protective agent when radiocontrast dyes are used. Since NAC works 
to replenish the glutathione pool in cells by acting as a precursor to cysteine, I 
hypothesized that such an agent might act to increase the reductive potential of the 
cytoplasmic environment, making it a more effective scavenger of ROS. The functional 
importance of these changes, if any, will be investigated in future competitive transplant 
experiments. 
              Treatment for 4 weeks with NAC yielded significant decreases in oxidative 
lesions in both young and old HSCs, with the added benefit of reducing the number of 
SSBs and DSBs in genomic DNA (Figure 7).  These results provided more information 
about what occurs in HSCs in terms of DNA damage and oxidative insults. In addition, it 
seems as though the difference in DNA breaks in NAC treated young and old HSCs 
indicate that the rate of accumulation of breaks is in part due to an increased rate of ROS 
induced damage relative to the repair and response pathways. Instead of a continuous 
accumulation of ROS that induces unrepaired damage over the lifetime of the HSC, there 
perhaps is a treadmilling of damage and repair resulting from baseline activation of repair 
machinery in these attenuated DNA repair and response pathways.  In older cells, where 
there has been sufficient time for ROS to generate lesions on DNA, repair pathways may 
not be able to compete with the generation of breaks, tilting the balance towards 
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increased breaks relative to younger HSCs, which have not had sufficient time to induce 
comparable levels of DNA damage. 
Experiments are ongoing to provide more insight into the role of ROS on 
functional potential.  Old and young untreated and NAC treated HSCs will be 
competitively transplanted into lethally irradiated mice and donor chimerism as well as 
lineage output will be assayed to determine whether NAC treatment confers advantages 
over untreated old HSCs.  Additionally, the donor chimerism of the hematopoietic 
compartments of these transplanted mice will be assayed.  If there are indeed benefits of 
NAC treatement of mice in terms of functional potential, potential clinical implications 
become apparent.  Ultimately, the aging phenotype derives from a variety of sources, 
including that of DNA damage and epigenetic modifications that occur over time in these 
cells.  Continued research into these avenues will lead to a greater understanding of how 
to modulate and manipulate these cells, leading to more effective treatment of 
hematological diseases in the future.  
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